INTRODUCTION
The highly pathogenic avian influenza (HPAI) H5N1 virus was first detected in 1996 in wild birds of southern China. Viral progeny of A/goose/Guangdong/1/96 infected domestic poultry and were able to cross the species barrier directly from poultry to humans (Gambotto et al., 2008; Subbarao et al., 1998) .
Since 2003, HPAI H5N1 viruses have spread to other countries and gradually developed into a global issue (Chen et al., 2005; Li et al., 2004) . The virus was reportedly circulating in wild birds or domestic poultry in .60 countries in Asia, Europe and Africa with sporadic zoonotic transmission to humans Peiris et al., 2007) . The sustained circulation of H5N1 in domestic poultry and wild birds led to significant genetic diversification and antigenic drift. A clade classification system was established on the basis of phylogenetic analysis (WHO/ OIE/FAO H5N1 Evolution Working Group, 2008) . By 2008, 10 distinct H5N1 clades (clades 0-9) were recognized. These clades were further classified into several subclades of the second-, third-and fourth-order groups due to the continuous evolution of these viruses (WHO/OIE/FAO H5N1 Evolution Working Group, 2009).
A clade 2.2 virus caused mortality in wild birds at Qinghai Lake in China in May 2005, and then spread to Europe and Africa (Chen et al., 2005; Liu et al., 2005) . These viruses were detected in wild birds in Egypt in 2005 and were later isolated in poultry in February 2006 (Saad et al., 2007) , causing severe economic losses to the Egyptian poultry industry (Meleigy, 2007) . In 2008, H5N1 viruses in Egypt were classified as subclade 2.2.1 and declared to be enzootic. The viruses continued to evolve into distinct sublineages based on genetic characterization (Cattoli et al., 2011; Eladl et al., 2011; Kayali et al., 2011b; Watanabe et al., 2011) . By 2012, the WHO/OIE/FAO H5N1 Evolution Working Group recommended that the Egyptian third-order clade 2.2.1 be split into a new subclade 2.2.1.1, indicating further divergence of H5N1 viruses circulating in Egyptian poultry (Kayali et al., 2011b ; WHO/OIE/FAO H5N1 Evolution Working Group, 2012) . Additional studies showed antigenic diversity of subclades 2.2.1 and 2.2.1.1 viruses between 2008 and 2011 (Cattoli et al., 2011; Watanabe et al., 2012) .
The H5N1 situation in Egypt is alarming. Egypt is among the countries with the highest number of human infections and fatalities due to zoonotic H5N1 infections [173 cases, 63 deaths, 36.4 % case fatality rate (CFR)]. Only Indonesia has more laboratory-confirmed human infections reported to the World Health Organization (WHO) (194 cases, 162 deaths, 83.5 % CFR) (WHO, 2013) . Recent evidence from gain-of-function studies suggested that only a limited number of genetic changes is needed for airborne transmission of H5N1 viruses (Herfst et al., 2012; Imai et al., 2012) . 
Genetic analysis of H5N1 viruses in Egypt
Some isolates in Egypt were reported to have at least two mutations of the four (or five) needed to confer mammalto-mammal airborne transmissibility (Neumann et al., 2012) . Thus, there is an urgent need to study the genetic variations between H5N1 viruses circulating in Egypt. In this study, full-genome sequence and phylogenetic analyses of 45 HPAI H5N1 viruses isolated during 2006-2013 through systematic surveillance in Egypt were conducted.
RESULTS

Sequence analysis and phylogenetic tree
The phylogenetic tree of the full-length haemagglutinin (HA) gene is shown in Fig. 1 (Table S1 , available in the online Supplementary Material).
Phylogenetic analysis of the neuraminidase (NA) gene (Fig. 2) , M gene and the internal genes (Fig. 3) showed a similar clustering pattern as the HA gene. Viruses in subclades 2.2.1, 2.2.1.1 and the new cluster varied genetically with respect to each gene segment. The nucleotide identity of these genes ranged from 83.6 to 99.8 % when compared with the ancestor strain Qinghai Lake 2.2 (Table S1 ). Thus, in our analysis 13 viruses belonged to subclade 2.2.1, 45 viruses belonged to subclade 2.2.1.1 and 40 viruses belonged to the new cluster.
Molecular characterization of HA and NA amino acid sequences
To understand the distinct characteristics of each group of the Egyptian H5N1 viruses, we analysed the distribution of amino acid changes in viral proteomes. The multibasic cleavage site of the HA that characterizes high pathogenicity of avian influenza viruses was present in all the viruses analysed. The cleavage site motif PQGERRRKKRQG (Q denotes cleavage site) was found in most subclade 2.2.1 strains (12 of 13 viruses), whilst one isolate had a slight variation PQGEKRRKKRQG. Strains from subclade 2.2.1.1 had two different motifs of the cleavage site: PQGERRRKKRQG (22 of 45 viruses) and PQGEGRRKKRQG with a glycine substitution (23 of 45 viruses). However, the new cluster strains had three different multibasic cleavage sites. The most common motif was PQGEKRRKKRQG (similar to the single isolate from subclade 2.2.1) (35 of 40 viruses). PQGGKRRKKRQG was found in one strain isolated from a human case. PQGERRRKKRQG, which was dominant in clade 2.2.1 strains, was also found in the new cluster (four of 40 viruses) ( Table 1 ).
The conserved residues Q222 and G224 (H5 numbering) at the receptor-binding site within the binding pocket of the HA gene determine host range specificity (Lin et al., 2012; Liu et al., 2009) . We found these 2 aa present in all Egyptian viruses, indicating preferential binding of the viruses to sialic acid linked to galactose via 2,3-a-linkages (Sia 2,3-a-Gal) of avian cell-surface receptors.
Egyptian strains possessed three N-linked glycosylation sites at amino acid positions 11, 23 and 286 (H5 numbering). Viruses from subclade 2.2.1 and the new cluster had an additional glycosylation site at position 165 (NNT), whereas subclade 2.2.1.1 viruses were characterized by an additional glycosylation site at position 72 (NVS). In this subclade, viruses had a glycosylation site at position 154 (NNT) (29 of 45 viruses), whilst other viruses had NDT at the same position (seven of 45 viruses).
Influenza H5N1 viruses have five antigenic sites, and mutations in these sites play an important role in the evolution of H5N1 HA (Shih et al., 2007) . In antigenic site A (S133, R140 and S141, H5 numbering), one virus from subclade 2.2.1 had mutation R140K, whilst two viruses from the new cluster had mutation S141P. Subclade 2.2.1.1 viruses had mutations S133A (11 of 45 viruses), R140G (44 of 45 viruses), R140E (one of 45 viruses) and S141P (all 45 viruses). Analysis of antigenic site B (N154, A156 and A184) showed that most subclade 2.2.1 viruses had mutations N154D (10 of 13 viruses). Viruses in subclade 2.2.1.1 were characterized by mutations N154D (nine of 45 viruses), A156T (37 of 45 viruses) and A184E (all viruses). New cluster viruses had mutations N154S (one of 40 viruses) and A156S (one of 40 viruses). Subclade 2.2.1 viruses had conserved amino acids at antigenic site E (L71, I83 and A86). Subclade 2.2.1.1 viruses had mutations L71P (24 of 45 viruses) and I83T (11 of 45 viruses). More mutations were noted in the new cluster, including L71R (one of 40 viruses), I83N (three of 40 viruses), A86T (three of 40 viruses) and A86V (two of 40 viruses). Antigenic sites C and D were conserved in all Egyptian H5N1 viruses. Additionally, seven new sites (N94, S120, R162, E227, N252, T263 and I282, H5 numbering) were described previously as antibody-binding sites (Cai et al., 2012) . Site E227 was conserved in all Egyptian viruses. Subclade 2.2.1 had mutations N94D, S120N, R162K Fig. 1 . Phylogenetic tree of the HA gene. Phylogenetic analysis was done using the neighbour-joining algorithm with the Kimura two-parameter model. The reliability of phylogenetic inference at each branch node was estimated by the bootstrap method with 1000 replications; evolutionary analysis was conducted in MEGA5. Viruses sequenced for this study are marked in bold. Genetic analysis of H5N1 viruses in Egypt and R162I, whereas new cluster viruses possessed mutations S120D, R162K and T263S. Subclade 2.2.1.1 had mutations R162E, N252Y, T263A and I282V.
R. El-Shesheny and others
Analysis of the NA gene of Egyptian H5N1 viruses revealed that there was a 20 aa deletion in the NA stalk region (positions 49-68) ( Table 1) . None of these viruses displayed oseltamivir resistance markers at positions E119, H275, R293 and N295 (N1 numbering), except for one isolate (A/turkey/Egypt/7/2007) which had a mutation at position N295S.
Molecular characterization of M and internal gene sequences
Mutations in the M and internal genes are shown in Table 2 . Mutations in the four proteins that constitute the ribonucleoprotein complex [polymerases PB2, PB1 and PA, and nucleoprotein (NP)] could have an impact on the replication efficiency of the virus in different hosts. A glutamate-tolysine substitution at residue 627 (E627K) or an aspartic acid-to-asparagine substitution at residue 701 (D701N) in the PB2 subunit facilitates the adaptation of H5N1 and other avian viruses to mammals, and increases transmission and/or pathogenicity (Gao et al., 2009; Shinya et al., 2004) . PB2 protein from all viruses in Egypt did not contain any mutations at position 701. Mutation E627K that enhances virus replication in mammalian cells was found in 93 strains. Mutation I63T that decreases pathogenicity in mice was found in one subclade 2.2.1.1 virus . No other notable mutations were found in the PB2 gene.
The PB1-F2 protein occurred in two different lengths. Most of the viruses had 90 aa (90 of 98 viruses), whilst the rest had 52 aa, eight of which were new cluster viruses. Mutation N66S that increases virulence, replication efficiency and antiviral response in mice (Schmolke et al., 2011) was found in all Egyptian viruses. No notable mutations were found in the PB1 gene.
Mutations in the PA protein (S409N, K356R, V100A and Q/T/S400L) increase H5N1 adaptation to the human host Shaw et al., 2002) . S409N was found in two isolates: one from a human host (A/Egypt/N6658/2011, new cluster) and one from an avian host (A/duck/Egypt/ 0871/2008, subclade 2.2.1).
A single substitution A184K of the NP protein increases the replication and pathogenicity of H5N1 (Wasilenko et al., 2009) ; this mutation was found in all Egyptian strains. L136, I109 and V33 indicate avian-like viruses, whilst M136, V109 and I33 indicate human-like viruses Shaw et al., 2002) . Mutation V33I was found in most subclade 2.2.1 viruses and all subclade 2.2.1.1 viruses, but was not found in new cluster viruses. Mutation I109V was found in one subclade 2.2.1 virus and all new cluster viruses, but was not found in subclade 2.2.1.1. All viruses had leucine at position 136.
The M2 protein residues L26, V27, A30, S31 and G34 are known to confer sensitivity to amantadine (Hay et al., 1986; Pinto et al., 1992) . Mutations L26I, V27A/Y/I, G34D/E and A30T/V that are associated with resistance to amantadine were not detected in M2 of the Egyptian H5N1viruses. Mutation S31N was found in all subclade 2.2.1.1 viruses only. Human H5N1 viruses A/Egypt/N7724/2011 and A/ Egypt/N6774/2011 belonging to the new cluster had mutation V27A.
HPAI H5N1 viruses are characterized by a 5 aa deletion in positions 80-84 of the NS1 protein that confers some resistance to the antiviral effects of IFN and TNF (Seo et al., 2002) . Most Egyptian strains had this deletion, except two subclade 2.2.1.1 viruses that had TMASM at this position. Amino acid substitutions D92E, P42S and V149A are associated with virulence and pathogenicity in mice (Jiao et al., 2008; Li et al., 2006; Seo et al., 2002) . All Egyptian viruses had mutations P42S and V149A, whilst none had D92E. Mutations F103L and M106I need to occur simultaneously for H5N1 to have increased replication and virulence (Dankar et al., 2011) . Only one human isolate of the new cluster virus had F103L.
The NS1 C terminus is involved in binding to PDZ domains on proteins associated with host cellular signalling pathways (Fanning & Anderson, 1999 
Characterization of the new cluster based on amino acid identity and genetic distances
The strains of the new cluster carried several mutations that were novel or rare in the previously circulating subclades (Table 3 ). All viruses in the new cluster had mutations K80R, T129N, K197R, I292M, M315I and R369K in the PB2 protein. These mutations were present in subclade 2.2.1, but at a low frequency. Only mutation K197R was seen previously in subclade 2.2.1.1. In the PB1 protein, mutations T182I, K214R and L384S were found in all strains from the new cluster. These mutations were not found in subclade 2.2.1.1, but were present in a few strains from subclade 2.2.1. Some unique mutations (I94V, N321S, S288R, A448E and K615R) in the PA protein were observed Fig. 2 . Phylogenetic tree of the NA gene. Phylogenetic analysis was done using the neighbour-joining algorithm with the Kimura two-parameter model. The reliability of phylogenetic inference at each branch node was estimated by the bootstrap method with 1000 replications; evolutionary analysis was conducted in MEGA5. Viruses sequenced for this study are marked in bold. R. El-Shesheny and others in the new cluster. These were seen previously in a few subclade 2.2.1 viruses and were rare in subclade 2.2.1.1.
R. El-Shesheny and others
Mutations D43N, S120D, I151T and R325K were common in the HA protein of the new cluster, and were seen previously in subclade 2.2.1 but not subclade 2.2.1.1. Inversely, mutations N155D and G272S were common in the new cluster and occurred previously in subclade 2.2.1.1, but not 2.2.1.
The NP protein of new cluster viruses had novel mutations R98K and N432S. Mutations I109V, A129S and G287S were seen previously in subclade 2.2.1 only. Similarly, three novel mutations in the NA protein were reported (V20A, T76A and D398E). Mutations M29I, A46D, L242M, S339F and S450G were prevalent in the new cluster, but were recorded previously in subclade 2.2.1 only. One additional mutation was common in the new cluster (R111K), but occurred at very low frequencies in the previously circulating subclades. The new cluster had one mutation in the M2 protein at position C50F, and two mutations in the M1 protein at positions R95K and N207S. These mutations were reported at low frequency in subclade 2.2.1. In the NS1 protein, mutations N48S, E55K, E71K, N171S, I198V and P216S characterized the new cluster viruses, and occurred rarely in the previous subclades.
In order to correlate the new cluster with the recently developed novel international nomenclature (WHO/OIE/ FAO H5N1 Evolution Working Group, 2012), the fulllength HA genome sequences were analysed to estimate the distances between and within groups (Table 4) . To classify a new clade or subclade, the mean between-group divergence should be ¢1.5 %, whilst within-group divergences should be ¡1.5 % by pairwise analysis. Our results showed that the new cluster strains from late 2010 to 2013 had high divergence (3, 2.1 and 4.2 %) when compared with subclades 2.2, 2.2.1 and 2.2.1.1, respectively. Viruses within the new cluster had 0.9 % divergence.
Diversity and selection pressure of Egyptian H5N1 viruses
In Egypt, the H5N1 viral genes were under purifying selective pressure ranging from v50.064 (for the PB2 gene) to 0.890 (for the M2 gene) (Table 5 ) using the single likelihood ancestor counting (SLAC) and fixed effects likelihood (FEL) methods. Only PB1-F2 showed positive selective pressure (v58.476, SLAC method). The diversity of nucleotides of each gene segment was calculated on the basis of Kimura distances ranging from 1.5 (M1) to 2.2 % (PB2). Amino acid divergence for each gene segment ranged from 0.8 (PB1 and M1) to 3.5 % (HA) ( Table 5) .
DISCUSSION
In spite of control efforts, H5N1 viruses continue to circulate in Egypt. Previous surveillance studies highlighted the continuous and wide circulation of the virus in vaccinated and non-vaccinated commercial farms, backyard birds and live-bird markets (Aly et al., 2008; Kayali et al., 2011a, b Group, 2012) . In this study, we used standard methods used by other groups to study the evolution of influenza viruses (Makkoch et al., 2012 ; WHO/OIE/FAO H5N1 Evolution Working Group, 2008). We showed that H5N1 continued to evolve in Egypt and that recent viruses from late 2010 to 2013 differ significantly from the previous subclades. We suggest that these new viruses may be classified into a new subclade based on its genetic distance from the previous subclades (WHO/OIE/FAO H5N1 Evolution Working Group, 2008 Group, , 2012 . This new cluster is currently dominant and evolved directly from subclade 2.2.1 viruses. Several mutations characterize this new cluster and the phenotypes associated with these mutations require further study. Furthermore, the distribution of mutations in all gene segments suggests that genetic drift occurred simultaneously in all genes. We also show that subclade 2.2.1.1 viruses have not been detected by us or others since 2011, even though further sampling and phylogenetic analysis are needed to confirm this.
Egypt is among the countries with the highest number of human fatalities due to zoonotic H5N1 infections. A major determinant of influenza virus host range is the viral surface glycoprotein HA. Recent studies have shown that five mutations in the H5N1 virus may be required for it to become transmissible between ferrets via respiratory droplets (Herfst et al., 2012) . Of these, four mutations are required in HA (Q222L, G224S, T156A and H103Y). Our results showed that only mutation T156A is found in all strains of the new cluster. This mutation leads to the loss of a glycosylation site at positions 154-156, hence increasing the ability of the virus to transmit to humans. Another study identified four HA mutations (N220K, Q222L, N154D and T315I) that improve virus replication and transmission in vivo by altering its receptor-binding preference from Sia 2,3-a-Gal to Sia 2,6-a-Gal (Imai et al., 2012) . Our data showed that only mutation N154D was present in previously (f) NS genes. Phylogenetic analysis was done using the neighbour-joining algorithm with the Kimura two-parameter model. The reliability of phylogenetic inference at each branch node was estimated by the bootstrap method with 1000 replications; evolutionary analyses were conducted in MEGA5. Viruses sequenced for this study are marked in bold.
Genetic analysis of H5N1 viruses in Egypt
circulating Egyptian viruses, but disappeared from all the strains from the new cluster. The fifth mutation that contributes to virus transmission between ferrets via respiratory droplets is E627K in the PB2 protein (Herfst et al., 2012) . The PB2 polymerase protein is a major determinant of host range restriction. Key changes in this polymerase protein increase virus replication in mammals (Gao et al., 2009; Yamada et al., 2010) . Our data show that this mutation is still common in Egyptian viruses, as reported previously (Abdel-Moneim et al., 2011; Kayali et al., 2011b) , and was found in all viruses of the new cluster.
Viruses in the new cluster had several characteristic HA mutations. These included changes in the cleavage site and antigenic sites A, B and E, as well as antigenic sites at positions 120, 162 and 263. Furthermore, several new mutations were recorded as mutational markers of the new cluster.
Our previous study showed the PQGERRRKKQG cleavage motif, which was dominant among HPAI H5N1 viruses of clade 2.2.1, was found in most Egyptian strains (Kayali et al., 2011b) . However, this motif was only found in 10 % of the new cluster and was replaced by PQGEKRRKKRQG. Changes of the cleavage site motif PQGERRRKKRQG to PQGEGRRKKRQG significantly reduced pathogenicity in mice (Yoon et al., 2013) . Inversely, mutation G325R/S in the cleavage site increased pathogenicity and was involved in unrestricted organ tropism . The association between the currently dominant motif (PQGEKRRKKRQG) and pathogenicity requires further investigation.
Previously circulating Egyptian H5N1 viruses showed antigenic variation based on their reactivity with monoclonal and polyclonal antibodies (El-Shesheny et al., 2012; Watanabe et al., 2012) . The difference in reactivity pattern was correlated with viral antigenic drift . The emergence of new antigenic variants may be partially explained by immune pressure caused by the use of vaccines, which could have created a survival advantage for those H5 viruses that undergo antigenic variation. Such variants can circumnavigate vaccine-induced immunity and are called escape mutants (Carrat & Flahault, 2007; Escorcia et al., 2008) . This was first observed in relation to HPAI H5N2 outbreaks in Mexico in the 1990s (Lee et al., 2004) . It is worthwhile noting that the use of H5 vaccines is common in Egypt and may in part explain the antigenic drift of Egyptian viruses.
Analysis of antiviral susceptibility of Egyptian strains was based on the presence of mutations encoding amino acid substitutions at key residues that confer resistance to M2 ion channel blockers and NA inhibitors. Resistance markers were detected in the catalytic and framework NA residues in one strain in 2007. This isolate had an N295S NA mutation, which conferred a 12-to 15-fold increase in the IC 50 value in an NA inhibition assay (Kayali et al., 2011b) . This mutation was also reported in two patients in Egypt who did not survive the infection (Earhart et al., 2009) . The Table 1 . Genetic analysis of the HA and NA genes of Egyptian HPAI H5N1 viruses R. El-Shesheny and others amino acid substitutions at some of the targeted residues in NA (e.g. V116, I117, K150, D198, I222 and S246) have previously been linked to reduced drug susceptibility in avian and human N1 viruses (Hurt et al., 2009; Ilyushina et al., 2010) . None of the viruses included in our analysis had any of these mutations. The susceptibility of H5N1 influenza viruses to amantadine has increased in recent years (2010) (2011) (2012) . The frequency of M gene amantadine resistance marker S31N was decreasing, yet it was appearing more frequently in conjunction with mutation L26I (Govorkova et al., 2013) . S31N was common in subclade 2.2.1.1 viruses, but was not associated with L26I.
NS1 genes of some influenza A viruses have a potential PDZ motif at the 4 aa C-terminal sequences (Obenauer et al., 2006) . Several studies have reported that this motif plays an important role in virulence (Jackson et al., 2008; Soubies et al., 2010; Zielecki et al., 2010) . In this study, four forms of the C-terminal (ESKV, EPKV, ESEV and ESEI) were observed. ESKV was predominant in previously circulating Egyptian strains, but it switched to ESEV in the new cluster. NS1-ESEV has high affinity for the cellular scaffolding proteins Dlg-1 and Scribble that disrupt the cellular tight junction proteins, and this effect probably contributes to severe disease (Golebiewski et al., 2011) .
Although the vast majority of influenza virus strains have an NS1 length of 230 aa, a number of strains with a longer NS1 were identified previously (Dundon & Capua, 2009) . Our data showed that all strains had 230 aa, except 10 subclade 2.2.1.1 viruses that had a stop codon at position 237. The mechanisms that contribute to the selection of NS1 proteins of different lengths remain largely unknown. In Egypt, most H5N1 genes are under purifying selection with 0.064,v,0.890, suggesting that a non-synonymous mutation has only 6-89 % as much chance as a synonymous mutation of being fixed in the population. A previous study showed that most H5N1 genes are under purifying selection in Africa, Europe and Russia (Ducatez et al., 2007) . Only the PB1-F2 gene seems to be under positive natural selection; however, this is probably due to the different length of the PB1-F2 gene that was observed in our analysis rather than to specific mutations that are being sustained.
Our study provided insight on the molecular signatures associated with pathogenesis, virulence, host specificity, drug sensitivity, genetic diversity and evolution of H5N1 in Egypt. In light of our findings that H5N1 in Egypt continues to evolve, surveillance and molecular studies need to be sustained. T (13) T (45) T ( Genetic analysis of H5N1 viruses in Egypt
METHODS
Isolation and propagation of viruses. Samples were obtained through an ongoing long-term surveillance of avian influenza in Egyptian poultry (Kayali et al., 2011a) . Viral RNA was extracted from 140 ml cloacal and oropharyngeal samples using a QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer's protocol in a class III bio-safety cabinet. To detect influenza A, extracted RNA was subjected to reverse transcription (RT)-PCR to amplify 244 bp of the M segment of influenza A viruses according to a WHO protocol (WHO, 2009) . Samples that were positive for the M segment were then subjected to additional RT-PCR to determine the H5 subtype using previously described methods and primers (Fereidouni et al., 2009; Lee et al., 2001) . Aliquots of 100 ml from 45 H5-positive samples were inoculated in 10-day-old specific-pathogen-free embryonated chicken eggs (SPF Eggs Production Farm), incubated for 24 h at 37 uC and then chilled at 4 uC for 4 h before harvesting. The allantoic fluid was harvested, clarified, tested for haemagglutination and then stored at 280 uC until use.
Full-length amplification and sequencing of viral genomes.
Viral RNA was extracted from harvested allantoic fluid as previously mentioned. One-step RT-PCR was performed using the Superscript One-Step RT-PCR with Platinum Taq kit (Invitrogen) using fulllength primers as described previously (Hoffmann et al., 2001) . The PCR products were separated by 1 % agarose gel electrophoresis. Amplicons of the appropriate sizes were subsequently excised from the gel and purified using a QIAquick Gel Extraction Kit (Qiagen). The purified PCR products were used directly for cycle sequencing reactions using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,) according to the manufacturer's instructions, and were further amplified for 26 cycles at 95 uC, 30 s; 50 uC, 15 s; 60 uC, 4 min. The reaction product was purified by exclusion chromatography using CentriSep columns (Princeton Separations). The recovered materials were sequenced using an ABI 3730XL DNA analyser (Applied Biosystems). Sequences were generated using SeqMan DNA Lasergene 7 software (DNASTAR). The sequences were submitted to GenBank under the accession numbers shown in Table 6 .
Sequence analysis and phylogenetic tree construction.
DNA Lasergene 7 and BioEdit7.0 (Hall, 1999) were used for multiple sequence alignment and genomic signature analysis using the CLUSTALW algorithm (Thompson et al., 1994) . In addition to the 45 viruses we isolated and sequenced, 53 published full-genome sequences of Egyptian H5N1 viruses that were available on GenBank and the Global Initiative on Sharing All Influenza Data were included in the analysis. MEGA5 was used for the phylogenetic tree reconstruction by applying the neighbour-joining method with Kimura's two-parameter distance model and 1000 bootstrap replicates (Tamura et al., 2011) . The selection of this method was for the purpose of standardizing our analysis with that of the WHO/OIE/FAO H5N1 Evolution Working Group (2008).
Measurement of selection pressure. To determine the selection pressure for each gene segment, the 98 whole-genome sequences of Table 6 .
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